The high prevalence of bone demineralization among human immunodeficiency virus (HIV)-infected patients in the current therapeutic era has been described in multiple studies, sounding the alarm that we may expect an epidemic of fragility fractures in the future. However, despite noting high overall prevalences of osteopenia and osteoporosis, recent longitudinal studies that we review here have generally not observed accelerated bone loss during antiretroviral therapy beyond the initial period after treatment initiation. We discuss the continued progress toward understanding the mechanisms of HIV-associated bone loss, particularly the effects of HIV infection, antiretroviral therapy, and host immune factors on bone turnover. We summarize results of clinical trials published in the past year that studied the safety and efficacy of treatment of bone loss in HIV-infected patients and provide provisional opinions about who should be considered for bone disease screening and treatment.
With the dramatic improvement in life expectancy among HIVinfected patients in the HAART era, concern has emerged regarding long-term consequences of chronic HIV infection and antiretroviral therapy (ART). The high prevalence of bone demineralization among HIV-infected patients has been described in multiple studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , although longitudinal studies have not generally observed accelerated bone loss beyond the initial period after ART initiation.
Given the complex metabolic complications of HIV infection and its treatment, the decreased bone mineralization seen in a large percentage of HIV-infected patients is likely the result of heterogeneous causes and interplay of host, viral, and specific antiretroviral factors. Bone is constantly undergoing remodeling in a synchronized balance between resorption and formation, which can become unregulated during HIV infection [6, 8, 13, 14] .
Bone is composed of matrix and osteoid, and it is mineralized with calcium and phosphate in the form of calcium hydroxyapatite. When bone mineralization is decreased, osteopenia can occur. Eventually, osteoporosis (i.e., porous bone) can result. This is seen pathologically as the structural deterioration of bone and can lead to nontraumatic fractures. Osteomalacia (i.e., soft bone) is most commonly the result of vitamin D deficiency and occurs when intact bone matrix is not adequately mineralized.
On the basis of results of large epidemiologic studies that clearly correlated the risk of decreased bone mineral density (BMD; as measured by dual X-ray absorptiometry [DEXA]) with an increased incidence of fragility fracture [15] , a World Health Organization committee provided definitions of osteoporosis and osteopenia that were based on the SD between a patient's BMD and the mean BMD at the time of peak bone mass among 30-year-old persons, adjusting for race and sex. A z score is normalized for age, as well. Osteoporosis is defined as a T score of less than Ϫ2.5 SDs. Osteopenia is defined as T score between Ϫ2.5 and Ϫ1 SDs. Multiple recent studies involving HIV-infected patients have consistently found a high prevalence of osteopenia and osteoporosis, as assessed by these criteria [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
The validated risk factors recognized for fragility fracture in population studies are noted in table 1, with low-trauma fracture (i.e., fracture that occurs from a fall from standing height or less) as a strong predictor of future fracture [16, 17] . Other factors that can lead to accelerated bone loss are vitamin D deficiency, other nutritional deficiencies, low levels of calcium intake, immobilization, hypogonadism from multiple etiologies, hyperthyroidism, hyperparathyroidism, renal insufficiency, and use of certain medications, particularly anticonvulsants. Opiate use can contribute to secondary hypogonadism [18] that, in turn, could lead to increased osteopenia and osteoporosis, which is seen among active injection-heroin users [19] . Beyond these attributable risks, prolonged HIV infection is associated with decreased BMD [8, 11, 20] . No specific associations between opportunistic infections and osteoporosis have been noted, although with opportunistic infections, patients may have many risks for decreased BMD and fracture, such as low body weight, frailty, immobilization, advanced HIV infection, hypogonadism, or steroid treatment.
For a given decrease in BMD, the fracture risk increases dramatically with age [21] . HIV-infected populations are relatively young, and an epidemic of fragility fractures has not been described among them, although reports suggest that such fractures are occurring [12, [22] [23] [24] . As HIV-infected populations age, one expects an increase in the incidence of fragility fractures and the morbidity and mortality with which they are associated.
ETIOLOGY
The role of HIV infection. Early reports of the effects of HIV infection on bone metabolism did not demonstrate a dramatic increase in the prevalence of osteoporosis and osteopenia among patients with HIV infection, compared with patients without HIV infection [13, 25, 26] , although small sample sizes limited the strength of their conclusions. Recently, the contribution of HIV infection to bone demineralization has been clarified further, with publication of the baseline BMD data from Gilead Study 903 [27] . This study, a randomized controlled trial of 600 ART-naive patients who received either tenofovir/lamivudine/efavirenz or stavudine/lamivudine/efavirenz during a period of 144 weeks, was the largest ever undertaken that evaluated BMD in treatment-naive individuals, and it demonstrated that HIV infection plays a significant role in the bone abnormalities seen in HIV-infected patients. The investigators found a baseline prevalence of osteopenia of 23% in the tenofovir group and 28% in the stavudine group (mean age of subjects, 36 years) [28] , which is significantly higher than the national prevalence among US adults [29] . Lower baseline lumbar spine T scores correlated with lower weight, male sex, and increased age.
The role of treatment. Longitudinal studies avoid the inherent biases of descriptions from earlier cross-sectional studies of bone abnormalities in HIV-infected individuals. Several studies have now examined BMD over time in patients receiving HAART [4, 8, 20] . Nolan et al. [4] studied 54 patients for a period of 54 weeks, noting that a lower pretreatment BMI was associated with a lower baseline BMD. Neither indinavir nor nelfinavir-based regimens were associated with decreased BMD over time (indinavir therapy was associated with an annual increase of 0.31 in the z score, and there was no clinically significant change associated with nelfinavir treatment). In a longitudinal study of 12 ART-naive adults initiating ART with abacavir/lamivudine and amprenavir, Dube et al. [30] found that, at week 48 of the follow-up period, the total body BMD had significantly increased. In a study in which 93 patients receiving HAART were studied for 72 weeks, Mondy et al. [8] noted that the most significant factors associated with a low baseline BMD were low BMI, low body weight, long duration of HIV infection (17 years since diagnosis), and smoking history. During the study period, the overall BMD increased significantly at the spine and hip and was not associated with protease inhibitor therapy [8] . During the intervals examined, these studies demonstrated a stable or slightly improved BMD for patients receiving stable ART.
It is now generally accepted that protease inhibitors do not cause osteopenia and osteoporosis. Studies in which ART was switched to non-protease inhibitor based regimens did not affect BMD support this idea. In Adult AIDS Clinical Trials Group 5125, a total of 62 patients were randomly assigned to switch from a protease inhibitor-based regimen to a nonnucleoside reverse-transcriptase inhibitor-based regimen or to a NRTI-sparing regimen containing lopinavir/ritonavir and efavirenz [31] . After a median follow-up period of 104 weeks, there was no significant change in BMD within or between groups. Earlier, our group evaluated BMD longitudinally during a 48-week period for 18 patients who switched from protease inhibitor-based regimens to nevirapine-containing, protease inhibitor-sparing regimens and found no significant changes in BMD during the study period [32] .
Nonetheless, initiation of ART seems to be associated with some bone loss, the quantity of which varies with respect to treatment regimen. In Gilead Study 903 described above, during the 144 weeks, BMD of the spine decreased by 2.2% in the tenofovir arm, compared with 1.0% in the stavudine arm ( ), and BMD of the hip decreased by 2.8% in the ten-P ! .001 ofovir arm, compared with 2.4% in the stavudine arm (P p ) [27] . The overall prevalence of osteoporosis and osteo-.064 penia increased slightly by the end of the study, with a prev-alence of osteopenia of 28% in the tenofovir group and 27% in the stavudine group (absolute increase from normal to osteopenia, 13% vs. 8%) and a prevalence of osteoporosis of 5% in each group (absolute increase, 0 vs. !1%) [28] . This initial, modest loss of bone after initiation of therapy tends to stabilize over time, and its clinical significance and implications for regimens of intermittent ART remain unclear.
With regard to the effect that specific ARTs have on BMD, findings from Gilead Study 903 and other observational studies suggest that tenofovir may have more deleterious effects on bone than do other studied antiretrovirals, although the clinical significance of these findings is as yet unclear [20, 27] . A longitudinal study of 19 HIV-infected children demonstrated significantly decreased BMD during a 48-week course of tenofovir [33] . Tenofovir is capable of causing a Fanconi-like syndrome with renal phosphate wasting and concomitant osteomalacia, particularly when present at supratherapeutic levels for a prolonged duration, as shown in a study of rhesus macaques [34] . Although reports of Fanconi syndrome were more common with high-dose adefovir, reports of Fanconi syndrome associated with tenofovir are emerging as well [35] . There are ongoing clinical trials to better examine the effect of tenofovir on BMD and bone turnover in children.
With regard to the effects of specific protease inhibitors on BMD, Fakruddin et al. [36] demonstrated increased osteoclast differentiation peripherally in women receiving ritonavir-containing regimens, compared with women who were ART naive or receiving other ART regimens. Fakruddin and colleagues noted increased levels of markers of bone turnover (osteocalcin, bone-specific alkaline phosphatase, and urine N-telopeptide), as well as decreased BMD of the lumbar spine in ritonavirtreated patients. Also of concern and, perhaps, of greater clinical relevance, ritonavir's inhibition of cytochrome enzymatic activity could lead to osteoporosis via effects on exogenous hormone metabolism, as illustrated in a recent case series in which osteoporosis and Cushing syndrome developed in 6 patients who were receiving inhaled corticosteroids while taking a ritonavir-boosted protease inhibitor [37] .
Effects on vitamin D are another mechanism by which antiretrovirals may influence bone metabolism. Calcitriol (1,25-dihydroxyvitamin D), the steroid hormone that promotes intestinal calcium absorption and regulates osteoblast function, becomes activated by cytochrome enzymes in the liver, the kidneys, and macrophages. One study noted lower levels of calcitriol in patients with advanced HIV infection, compared with patients with nonadvanced HIV infection [38] , and another reported lower levels in HIV-infected patients receiving HAART, compared with control subjects [12] . Table 2 summarizes in vitro findings of the effects of protease inhibitors on vitamin D metabolism. These findings suggest that measuring the activated vitamin D levels and correcting vitamin D deficiency are important components for assessing and treating decreased BMD in HIV-infected patients.
PREVALENCE OF OSTEOPENIA AND OSTEOPOROSIS AMONG WOMEN AND AMONG CHILDREN
Bone density in HIV-infected women has been directly examined. Huang et al. [47] noted that reduced BMD in HIVinfected women with wasting was associated with reduced muscle mass. The same investigators then assessed BMD in 84 HIV-infected women and 63 HIV-uninfected women with a mean age of 42 years and a body weight within the normal range and detected a lower BMD of the lumbar spine and hip for the HIV-infected women by means of DEXA [48] . Osteopenia was present in 54% of the HIV-infected women versus 30% of the control subjects, and osteoporosis was present in 10% versus 5%. Total body fat was significantly lower for HIVinfected women than for controls, although lean body mass was similar. Among HIV-infected women, BMI, body fat and lean body mass, and lowest adult weight were positively correlated with BMD of the hip and lumbar spine. BMD in oligomenorrheic women was lower than that in eumenorrheic women, suggesting that oligomenorrhea contributes to decreased BMD in some women. Duration and class of ART were not predictors of decreased BMD.
Among 31 HIV-infected African-American and Hispanic postmenopausal, HIV-infected women, Yin et al. [49] noted a 42% prevalence of osteoporosis at the spine, compared with 23% for historical control subjects ( ). Of concern, the P p .03 prevalence of osteoporosis at the hip was 10% among the postmenopausal, HIV-infected subjects, compared with 1% among the historical control subjects ( ). Instead of HIV-re-P p .003 lated risk factors, such as CD4 cell count or ART history, time since menopause onset, and weight were statistically significant predictors of BMD.
Another group with a potentially high risk for future fractures is HIV-infected children, for whom several studies have noted decreased BMD by means of DEXA [38, [50] [51] [52] . Several groups have now studied HIV-infected children longitudinally for evidence of bone loss. After an earlier cross-sectional study in which the BMD for HIV-infected children receiving HAART was observed to be less than that for HAART-naive children and healthy children [38] , Mora et al. [52] compared BMDs in a cohort of 32 HIV-infected children receiving HAART and healthy control subjects longitudinally during a 1-year period. They found a lower baseline BMD among HIV-infected patients, relatively similar 1-year incremental increases in BMD of the lumbar spine in both groups, and a smaller total body BMD among HIV-infected patients. Mora and colleagues also found increased markers of both bone resorption and formation in the HIV-infected group. The high rate of bone turnover HIV viral protein of regulation (Vpr) increased RANKL expression in PBMCs in conjunction with endogenous glucocorticoids and synergistically with exogenous glucocorticoids. Antiretroviral factors [41, 42] Indinavir inhibited osteoblast differentiation and led to decreased bone mineral density (BMD) over time in a juvenile mouse model. [43] Ritonavir inhibited osteoclast differentiation via blockade of RANKL-induced downstream signaling. [39] Treatment with ritonavir (at lower concentrations than that noted in [43] ) and saquinavir but not with indinavir or nelfinavir led to potentiation of osteoclastic activity.
[44] In a rat model, ritonavir, nelfinavir, indinavir, and saquinavir but not lopinavir or amprenavir were associated with increased osteoclast activity.
[45] Zidovudine increased osteoclast formation in vitro by upregulating NF-Kb downstream of RANKL. In mice, increased osteoclastogenesis led to decreased BMD.
Vitamin D metabolism [46] In vitro, ritonavir, indinavir, and nelfinavir decreased hepatic 25-hydroxylase and macrophage 1-a-hydroxylase activity and led to calcitriol degradation, all with a final effect of decreased macrophage-based calcitriol activity.
did not improve longitudinally during receipt of HAART [52] . More longitudinal data are needed to ascertain the clinical significance of these findings. However, the concern is that HIVinfected children will not achieve adequate peak bone mass.
PATHOGENESIS
Determination of the pathogenesis of decreased BMD for HIVinfected patients is important to identify modifiable risk factors and innovative treatments and to appropriately select patients for screening and treatment. Bone turnover is related to bone resorption, formation, and strength. Normally, bone formation and resorption are closely linked and synchronized. Bone remodeling depends on the coupled activity of osteoblasts, which form new bone and osteoclasts (i.e., cells of monocyte or macrophage origin that degrade the bone matrix). The balance between osteoblast and osteoclast activity is a key determinant of bone mass and fracture risk. Several factors regulate osteoclast number and activity, including hormones and inflammatory cytokines via cellular signaling pathways. Bone biopsy for histomorphometric analysis of the iliac crest is the gold standard for assessing bone turnover, but because it is an invasive procedure, biochemical markers of bone formation (e.g., levels of osteocalcin and bone-specific alkaline phosphatase) and resorption (e.g., levels of urinary deoxypyridinoline and the N-terminal and C-terminal telopeptides of type I collagen) are used to assess bone turnover in clinical studies. In some large studies comprised of women from different postmenopausal populations, increased levels of resorptive markers have been shown to correlate with fracture risk [53] , and in the future, a more clearly defined role for certain markers in clinical practice will likely be established.
Several studies examining markers of bone resorption and formation have noted an uncoupling of these events in persons with advanced HIV infection. In the pre-HAART era, Serrano et al. [13] performed bone biopsies and measured markers of bone turnover in 22 HIV-infected patients and found overall reduced bone formation, with decreased numbers of osteoclasts and without clinically significantly decreased mineralization. Levels of osteocalcin, a bone formation marker, directly correlated with CD4 cell count [13] . Analyzing data for 50 women receiving 1 NRTI or no therapy, Teichman et al. [6] demonstrated a significant increase in bone resorption and a decrease in bone formation, compared with health control subjects. They also noted a positive correlation between CD4 cell count and markers of formation and a negative correlation between CD4 cell count and resorptive markers. In the HAART era, Aukrust et al. [14] examined markers of bone formation and resorption longitudinally for 16 patients after HAART initiation. Analysis of data after 24 weeks of follow-up demonstrated that, although there was no relationship between resorption and formation before therapy, there was a significant correlation between resorption and formation developed during therapy, suggesting a recoupling of resorption and bone formation and, perhaps, normalization of bone metabolism during HAART.
In the 72-week longitudinal study described above, Mondy et al. [8] found that levels of bone resorption and formation markers remained high throughout the study period, suggesting a high bone turnover state, whereas BMD slightly increased over time. Among 7 patients for whom iliac crest bone biopsies were performed, varied etiologies for decreased BMD were evident, including osteomalacia, high-turnover osteoporosis with elevated osteoblast content, inactive osteoporosis with decreased numbers of osteoblasts and osteoclasts, and osteoporosis with normal rates of remodeling and turnover. The various pathologic findings for these 7 patients suggest that bone loss is the final pathway for a diversity of causes in HIV-infected patients.
The role of cytokine activation in increasing bone resorption has been suggested, given the association of chronic cytokine activation in persons with rheumatoid arthritis and osteoporosis. There has been progress in our understanding of the role of cytokine-induced pathways in the increased bone resorption seen in some persons with advanced HIV infection. Receptor of activated NF-Kb ligand (RANKL) is a cytokine secreted from T cells and osteoblasts that stimulates osteoclast precursors to differentiate into osteoclasts. RANKL recruits TNF receptorassociated factor 6 to the cytoplasmic portion of the receptor of activated NF-Kb within osteoclasts and precursors, leading to activation of NF-Kb and other pathways that directly cause osteoclast differentiation and survival and bone resorption. TNF also leads to upregulation of RANKL and to induction of osteoclastogenesis [54] . Because advanced HIV disease correlates with high levels of TNF [55] and because patients with advanced HIV infection (defined as a mean CD4 cell count of 20 cells/mL) have markers of bone resorption that positively correlate with activation of TNF [14] , increased bone resorption in some patients may be due to increased cytokine activation and may contribute to decreased BMD. Fakruddin et al. [36] demonstrated higher levels of RANKL in serum specimens from HIV-infected women than in serum specimens from HIV-uninfected women, regardless of ART use, suggesting a role for this cytokine pathway in HIV-associated bone loss.
In vitro data elucidating viral and antiretroviral involvement in these pathways is emerging and still often conflicting. Table  2 summarizes results of recent in vitro and animal studies. Although these findings provide insights into the mechanisms by which ART may lead to bone loss, they cannot predict clinical impact. In addition to any negative effects ART might have on bone metabolism, there are potentially positive roles associated with antagonizing the effects of chronic viremia and inflammation. This has been borne out in longitudinal studies of patients receiving various ART regimens who were not experiencing significant BMD loss over time [4, 8, 20, 28, 31, 32] .
TREATMENT
Given the high prevalence of osteopenia and osteoporosis, whom should clinicians screen? Ideally, individuals at risk for fragility fracture should be selected, although the frequency of osteoporosis and osteopenia among HIV-infected individuals is so high that HIV infection might in the future be considered an indication for evaluation of BMD. Although the HIV-related risk factors for osteopenia continue to be discerned, results of longitudinal studies show that duration of HIV disease, low BMI, history of weight loss, and previous use of steroids appear to pose the major risk [4, 8, 20, 48] . In addition, we can assess other traditional risk factors that likely correlate with risk, as noted above and in table 1 [17] . Moreover, a nutritional assessment for adequate daily calcium and vitamin D intake is appropriate.
Patients with established low-trauma fractures are at highest risk for recurrent fracture and are a priority for mitigation of modifiable risk factors and treatment [16] . There are as yet no strongly compelling data from clinical trials to tailor antiretroviral therapy on the basis of BMD considerations, although tenofovir treatment may not be the first choice when there is significant concern, particularly in children [33] . The early associations seen between protease inhibitors and decreased BMD have not been consistently found in later longitudinal clinical trials [4, 31, 32] .
A number of studies have now confirmed the safety and efficacy of bisphosphonates in the treatment of osteopenia and osteoporosis in persons with HIV infection [56] [57] [58] . Mondy et al. [56] conducted a 48-week randomized trial involving 31 HIV-infected patients with osteopenia or osteoporosis (T score, less than Ϫ1) receiving HAART in which treatment with alendronate (70 mg each week) together with calcium (1000 mg of calcium carbonate daily) and vitamin D (400 IU daily) was compared with calcium/vitamin D therapy alone. Mondy and colleagues noted a 5.2% increase (95% CI, 1.3%-6.4%) in the BMD of the lumber spine for the alendronate-treated group, compared with a 1.3% increase (95% CI, Ϫ2.4% to 4.0%) for the vitamin D/calcium alone group. Negredo et al. [57] observed 25 HIV-infected patients receiving alendronate for 96 weeks and noted a reduction in the prevalence of osteoporosis and improvement in the trochanteric BMD in the alendronate group. Guaraldi et al. [58] conducted a 42-patient randomized trial during a 52-week period and noted increases in BMD of the lumber spine and a deceleration of bone loss at the hip in the alendronate group. A larger randomized, multicenter trial (Adult AIDS Clinical Trials Group 5163) examining alendronate continues, with results to be made available in 2006.
Treatment with raloxifene, a selective estrogen-receptor modulator used in postmenopausal women, should be considered only with caution, given the demonstrated cytochrome P450 inhibition. With their potential for drug interactions, the use of raloxifene and other hormonal therapies will require further study in HIV-infected patients. Fairfield et al. [59] noted that testosterone therapy in eugonadal men with concomitant wasting increased BMD, although at this point, hypogonadism is the most appropriate indication for its use. The use of growth hormone-releasing hormone for patients with concomitant fat redistribution requires further study but may prove to be a promising option in the future [60] .
CONCLUSION
There are several questions regarding screening and treatment of low BMD in HIV-infected individuals that still lack definitive answers. Patients with significant risk factors for fragility fracture should be screened by DEXA and considered for treatment. Rather than treating all patients with reduced BMD, patients with previous fragility fracture and significant risk factors for future fracture may be at highest priority to treat. More longitudinal data on treatment duration and outcomes and the natural history of osteopenia and osteoporosis in HIV-infected patients will aid in establishing appropriate thresholds for pharmacologic interventions.
